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Abstract 
     The Brushy Basin Member of the Morrison Formation records a time of increased 
volcanic activity in the North American Cordillera during the Late Jurassic.  
Sedimentological and petrographic observations in the Brushy Basin, in conjunction with 
findings of widespread plutonic intrusion in the source areas, point to a volcanic pulse 
within the Cordilleran magmatic arc.  This study investigated the subjacent Salt Wash 
Member, for the purpose of better constraining the timing of the volcanic pulse.  
Petrographic and statistical analyses of the Salt Wash sandstone identified statistically 
significant upsection trends in volcanic rock fragment and plagioclase feldspar at one of 
the four study areas.  The remaining three study areas showed no upsection trends in 
sandstone composition that would reflect a pulse in volcanism during Salt Wash Member 
time.  It is more likely that the Salt Wash was deposited during a time of volcanic 
quiescence leading up to the post-Nevadan Orogeny volcanic reactivation. 
     Sedimentology and cementation patterns of the Salt Wash Member were also studied.  
Cathodoluminescence indicates that the member was well-flushed with shallow 
formation waters, thus preventing any calcite optical zoning.  Luminescence intensity 
suggests that the Salt Wash Member sediments were cemented at varying depths and 
within differing Eh-pH regimes.  Field-based sedimentological observations support a 
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model of braided stream channel deposition across a semi-arid landscape with streamflow 
entering the basin from both the south and west. 
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1. Introduction 
        The Upper Jurassic-age Morrison Formation of the western United States and 
Canada is comprised of 1.5 million km2 of fluvial, eolian, and lacustrine sedimentary 
deposits (Fig. 1).  During the Middle to Late Jurassic Nevadan Orogeny, the 
paleogeography of present-day eastern California to western Washington was 
characterized by an Andean-style continental margin, resulting in a parallel zone of arc 
volcanism and a foreland basin tectonic setting (DeCelles and Giles, 1996) associated 
with the subduction of the Farallon paleoplate (Brenner, 1983).  Following the regression 
of the Middle Jurassic Western Interior Seaway from western Colorado and eastern Utah, 
clastic sediment was transported from the western highlands to the Morrison Basin; a  
 
 
 
 
 
 
 
 
 
 
 
  N 
Figure 1.  Late Jurassic (150 Ma) paleogeography of the continental U.S. with the general area of 
study indicated by the gold star.  Extent of the Morrison Formation is delineated by the dotted 
line with the major sediment source regions stippled red.  Subduction-related volcanism was 
occurring within the up-thrusted highlands to the west.  Continental drift direction is indicated by 
the black arrows for the Farallon (west) and North American (east) plates.   After Blakey, 2006. 
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subtle flexural feature associated with crustal loading in the 
orogen.  In the study area of western Colorado, the Morrison 
Formation is composed of approximately 200 m of terrestrial 
sediments deposited during the Late Jurassic (155-148 Ma) 
(Kowallis et al., 1998).  
     The Salt Wash Member of the Morrison Formation is 
interpreted as a braided stream-channel sequence based upon 
numerous field observations such as a high sandstone/mudstone 
ratio, laterally extensive amalgamated channels, a lack of lateral 
accretion (point bar) features, and stratigraphic evidence of 
flashy discharge (Tyler and Ethridge, 1983).  The Salt Wash 
fluvial system drained toward the northeast with its sediment 
load largely derived from the Cordilleran Highlands to the west 
with minor contribution from the Mogollon Highlands to the south (Brenner, 1983, 
Peterson, 1994) (Fig. 3).  Salt Wash strata overlie the Tidwell Member and underlie the 
volcanic ash rich Brushy Basin Member and contain over 70 m of terrestrial sandstones 
and mudstones (Fig. 2). Due to the leaching and precipitation of the overlying volcanic 
material, the Salt Wash and its stratigraphic equivalents have been exploited for over half 
of the mined uranium in the United States (Galli, pers. comm., 2005).   
     Petrological analyses of sandstone composition facilitate an interpretation of the 
paleotectonic setting during the time of deposition.  Modal analysis allows details of 
sandstone framework grain petrography to be plotted as data points on a ternary diagram.  
Figure 2.  Generalized 
stratigraphy in the study 
area (Galli, 2003). 
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A decrease in the percentage of quartz and increase in 
feldspar and lithic fragments indicates a decrease in 
sediment maturity.  This suggests a change in the 
source area such that the detritus reaches the 
sedimentary basin quicker and with less processing.  
Similarly, the history of contemporaneous arc 
volcanism may be interpreted from the changes in 
modal percentage of volcanic rock fragments 
preserved within the foreland basin fill.   
     Previous petrological analysis has suggested a Late Jurassic volcanic pulse at the base 
of the Brushy Basin Member (Galli, 2003).  Galli observed an increase in plagioclase 
from 5% to 12% and an increase in percentage of volcanic rock fragments among total 
lithic fragments of 20% to 40%.  Kowallis et al. (2001) dated a significant assemblage of 
plutonic and volcanic material in the mountains of California and Arizona that 
correspond with the time of Salt Wash-Brushy Basin deposition (Fig. 4).  Geological and 
geophysical work by Ducea (2001) in the Californian extent of the Cordilleran arc has 
revealed that despite the greater than 140 m.y. of volcanic activity, the majority of 
surface/shallow crust magmatism appears to have been generated during two “flare-ups” 
or pulses in the Late Jurassic and Late Cretaceous.  By studying the sandstone petrology 
of the Salt Wash Member, this work may contribute sedimentological evidence of a pulse 
in volcanic/plutonic emplacement in the suggested source area.  The initial explanations 
for similar volcanic pulses such as increased convergence rates and changes in the 
Figure 3.  Sedimentation and source 
areas for the Morrison Formation 
(Lawton, 1994). 
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 subduction angle have been shown to be inapplicable (Page and Engebretson, 1985, 
Ducea, 2001).  
      A multi-phase mechanism has been proposed by Ward (1995) as well as Lawton and 
McMillan (1999).  In these models, the transit of hot, molten material from the 
subducting slab to the magmatic arc progressively weakens the continental crust.  The 
heating and partial melting of the lithosphere causes continental extension and pushes the 
trench location and subducting slab ridgeward.  The volume formerly occupied by the 
subducting slab becomes infilled with hot, asthenospheric material, triggering crustal 
melting and the emplacement and eruption of silicic magma chambers in the upper crust.  
Figure 4.  Volcanic rocks of the Late and Middle Jurassic in California and 
southern Arizona (after Kowallis et al., 2001). 
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After reaching a critical distance from the initial slab location, the extension ceases and a 
new magmatic arc is established (Fig. 5).  It is this phase of crustal melting and eruption 
that is suspected to produce the observed volcanic pulses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Tectonic model for subduction zone continental extension and 
silicic volcanism (after Lawton and McMillan, 1999). 
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2.  Methods 
2.1 Field Methods       
     Fieldwork was conducted during the summer of 2006 in order to produce a full suite 
of rock specimens throughout the complete stratigraphic extent of the Salt Wash Member 
at Echo Canyon (EC), Fruita Paleontological Research Area (FPA), and Uravan (UR), 
CO.  The top two Salt Wash channels were also sampled at Trail Through Time (TT) 
(Figs. 6, 7).  Sampling was done exclusively within the sandstone channels and not 
within any of the intermittent mudstone beds.  Samples were collected, when possible, at 
a one-meter vertical interval starting from the base of the lowermost channel.  The 
entirety of the Salt Wash Member (i.e., all of the constituent channels) was sampled at 
Echo Canyon (n = 21), Fruit Paleontological Research Area (n = 23), and Uravan (n = 8).  
Due to outcrop exposure limitations, only the two uppermost Salt Wash channels were 
sampled at the Trail Through Time locality (n = 12).  Sixty Salt Wash specimens and 
four specimens from the Brushy Basin Member were collected.  The purpose of sampling 
the overlying member is to note any changes across the Salt Wash-Brushy Basin contact 
at Trail Through Time.  In addition to sampling the lithologies, sedimentary structures 
within the channel sandstones were documented to facilitate an understanding of alluvial 
conditions (Fig. 8).  
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Figure 7.  From top to bottom: Fruita Paleo Research Area, Trail Through Time, and Echo 
Canyon.  The Uravan locality was not photographed. 
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 2.2 Lab Methods      
Sandstones collected in the field were brought back to Boston College and sent for thin 
sectioning.  The thin sections were point counted in accordance with the Gazzi- 
Dickinson method for the purpose of documenting the composition and compositional 
variations within the sandstone (Dickinson, 1970).  The Gazzi-Dickinson method is 
unique in that it eliminates the effect of grain size on sediment composition.  Coarser 
grain sediment (or sedimentary rock) will inherently contain more plutonic rock 
fragments.  Finer grain sediments will retain 
less of these rock fragments due to the 
disintegration into constituent mineral 
crystals.  Standard point counting analyses 
dictate that the investigator record only the 
type of lithic fragment encountered under the 
crosshairs.  The Gazzi-Dickinson method 
dictates that in addition to recording the type 
of lithic fragment, the investigator must also 
count the mineralogy of the specific mineral 
crystal lying beneath the crosshairs.  In doing 
so, the investigator is able to account for the 
true mineralogical composition of the 
sediment upon disintegration of any lithic 
fragment. 
Figure 8.  Sandstone exposure at FPA 
showing horizontal beds between trough cross 
beds.  Such examples of variable flow regimes 
were common across all localities. 
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      Modal distribution of grain 
composition allows for sandstone 
classification along with interpretation 
of sediment provenance and shifts in 
tectonic regime (Dickinson, 1985; 
Fichter, 2008) (Fig. 9).  Thin sections 
were analyzed at a density of 300 
grain identifications per slide within a 
pre-established glossary of operational 
definitions (Fig 10).  Statistical analyses have been used to further quantify the 
significance of observed mineralogical changes.  Grain sizes were also measured against 
a calibrated crosshair during thin section analysis.   
     In addition to traditional petrographic analyses, cathodoluminescent (CL) imaging of 
19 Salt Wash Member sandstones was conducted in the lab of Professor Carol Birney 
DeWet at Franklin and Marshall College in Lancaster PA.  Cathodoluminescence 
functions by bombarding a sample with an electron stream and thus causing minerals to 
fluoresce with varying intensity.  The color and intensity of the resultant fluorescence is a 
function of not only the mineral identity, but also of the speed of incipient crystallization 
and the subsequent amount of inherited crystal impurities.  The crystal impurities that are 
pertinent to calcite CL are Mn2+ and Fe2+.  The former acts as the CL activator, the 
chemical site of luminescence generation, while the latter acts as the CL quencher by 
rendering the luminescence process inefficient.  Consequently, the luminescence of  
Figure 9.  Ternary diagram illustrating the 
relationship between sandstone composition and 
inferred tectonic setting (Fichter, 2008). 
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Framework Grain Operational Definitions 
Quartz 
 
Unit Quartz – One unit of quartz with any degree of undulose extinction 
Round Quartz – A round, unit quartz grain 
Broken Round – A round, unit grain with a broken surface 
Skeletal Quartz – A quartz grain with embayments, interpreted as a soil, skeletal grain 
Volcanic Quartz – A unit grain with straight extinction and embayments;  
commonly lacking inclusions 
Polycrystalline Common Quartz – Two or more units with smooth, non-sutured 
boundaries and any degree of undulose extinction 
Quartz of a Quartzo-Feldspathic Rock Fragment – A quartz grain within a 
phaneritic rock fragment 
 
Feldspar 
 
K-Feldspar – Stained yellow by sodium cobalitinitrate 
Microcline – A K-Feldspar grain with tartan twinning 
Perthite – K-Feldspar with perthitic intergrowths 
K-Feldspar of a Quartzo-Feldspathic Rock Fragment –A K-Feldspar grain within a 
phaneritic rock fragment 
Plagioclase – A feldspar grain with polysynthetic twinning or 
Plagioclase of a Quartzo-Feldspathic Rock Fragment - a plagioclase grain within  
a phaneritic rock fragment 
 
Lithic Fragments 
 
Quartzite – An aggregate quartz grain made of elongate, sub-parallel units of quartz 
with crenulated, sutured, or granulated boundaries.  The elongate units have any degree 
of undulosity. 
Chert – Carbonate fragment with a brownish appearance in plain light and pin-point 
extinction. 
Spicular Chert – Chert fragment with sponge spicules 
Chalcedony – Light brown grains in plane light with fibrous extinction 
Schist – Greater than 30% mica with a foliated texture 
Sutured Quartz – Polycrystalline quartz fragment with sutured grain contacts 
Volcanic – Fine-grained, aphanitic fragment including microcrystalline quartz, 
microlites, and flow banding 
Siltstone – Lithified aggregate of silt-sized particles 
Sandstone - Lithified aggregate of sand-sized particles 
Limestone – Calcium carbonate fragment often containing silicified microfossils 
 
Figure 10. Operational definitions for grain identification. 
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calcite cement is governed by Mn/Fe ratio.   Carpenter and Oglesby (1976) established 
the current model relating natural environmental conditions to the crystallized Mn/Fe 
ratio within calcite cements by examining the role of pore fluid Eh-pH.  In conditions of 
high pH, Mn is in the 3+ or 4+ state while Fe is in the 3+ state.  These ions cannot be 
included within the crystal lattice structure and CL is not seen.  At slightly lower pH, Mn 
is in the 2+ state and Fe remains at 3+.  In these forms, Mn (activator) is incorporated 
while Fe (quencher) is excluded, producing bright luminescence.  As oxidation potential 
continues to decrease and 
Eh continues to increase, 
Fe joins Mn in the 2+ 
state, thus allowing both 
to enter the crystalline 
structure.  The Mn/Fe 
ratio is now closer to 1 
and CL is dull (Marshall, 
1988).  In general, calcite 
fluoresces orange and feldspathoids fluoresce a bright blue/green color.  The instrument 
used was incapable of generating high enough energy levels to cause the fluorescence of 
authigenic silica. 
     The goal of the CL imaging was twofold: 1) illuminate progressive zonation within 
the calcite cement, thus evidencing chemical changes in pore water chemistry during 
cementation (Fig.11), and 2) compare the difference in fluorescence properties among the 
Figure 11.  Typical example of zonation within calcite cement due to 
variations in available trace elements during incipient crystallization. 
After Marshall, 1988. 
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four field sites and draw conclusions regarding the differences in sandstone cementation.  
CL imagining had not been applied to Salt Wash Member in western Colorado prior to 
this study. 
 
3.  Results 
3.1 Field Observations: Stratigraphy and 
Sedimentary Structures 
     Fluvial sedimentary structures were 
readily apparent throughout all Salt Wash 
Member sandstone channels.  Alternating 
sets of horizontal laminations (Sh), planar 
cross beds (Sp), trough cross beds (St), 
massive bedding (Sm) and ripples marks 
(Sr) commonly characterized the channel 
stratigraphy.  Figures 12-20 display the 
sedimentary structures documented in the 
field.   
     Channel sandstones were medium-to-
fine grained and typically very coarse at 
the channel base, including gravel and 
mud rip-up clasts (Fig. 19).  Table 1 
displays channel thickness and mean 
Table 1.  Table of channel thicknesses and grain 
size at all four sites.  Grain size was measured 
under the microscope during point counting. 
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channel grain size for each locality.  The source for the rip-up clasts was most likely the 
adjacent floodplain mud deposits through which the channels were coursing. The 
interstratified mudstone beds are quite friable and rich in caliche nodules (Fig 18).  These 
features are generated in arid to semi-arid climates where groundwater evaporation is 
greater than precipitation.  This leads to the upward migration of calcium carbonate 
(CaCO3) enriched groundwater and precipitation of CaCO3 concretions within the 
shallow substrata (Blatt, 1992).   
     The Salt Wash Member channel sandstones are modeled as a braided stream drainage 
network within a semi-arid environment (Totman-Parrish et al., 2004).  All of the field 
observations documented by this study support this depositional environment model.  No 
lateral accretion surfaces were observed and fining upward sequences, indicative of point  
 
 
 
 
 
 
 
 
 
 
 
Sp 
Sh 
Sp 
St 
Figure 12.  Ripple marks (Sr) within Echo 
Canyon channel 3. 
Figure 13.  Alternating sets of 
sedimentary structures.  Fruita 
Paleo channel 7. 
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bar migration, are scarce.  Additionally, the channels have a high width-to-depth ratio and 
low sinuosity values (Galli, 2003).  Fluvial variability may also be interpreted from the 
preserved sedimentary structure.  High velocity flow will generate horizontal planar 
bedding (Sh) while lower flow velocities will allow for the construction and preservation 
of such features as planar (longitudinal bar) cross bedding (Sp), trough cross bedding 
(St), and ripples (Sr) (Harms, 1975).  Many Salt Wash Member channels contain rapid, 
non-systematic changes between high-velocity and low-velocity primary sedimentary 
structures.    
     Despite its stratigraphic location in the middle of the dinosaur-rich Morrison 
Formation, the Salt Wash Member contains few fossil assemblages as opposed to the 
overlying Brushy Basin Member.  The Brushy Basin Member fluvial system was largely 
anastamosing and highly sinuous with minor meandering river deposits. The majority of 
dinosaur fossils preserved in the Morrison Formation are found in the overbank and 
cutbank deposits of the Brushy Basin Member.  As stormwaters flushed disarticulated 
dinosaur remains from the riparian landscape into the streamflow, the material was 
transported downstream and embedded within the river bend deposits.   
     In contrast to this setting, the lower sinuosity of the Salt Wash braided stream network 
contained far fewer of these “cut-bank preservational environments”.  In addition to the 
difference in drainage type, the Salt Wash climate was more arid, the region was less 
vegetated, and consequently the setting was a much less favorable setting for riparian 
dinosaur communities (Totman-Parrish et al., 2004).  Despite these conditions, one 
dinosaur fossil site was documented at FPA (Fig. 14). 
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Sp 
Figure 14.  Dinosaur bone fragments within Fruita Paleo channel 6.  The bones were sitting on top 
of an Sp set and were most likely deposited on a downstream-migrating longitudinal bar during 
receding flow conditions. 
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Figure 16.  Horizontal laminations and trough 
cross beds in Fruita Paleo channel 5.  A 
reactivation surface is indicated by the dashed 
line and separates Sh from St. 
Figure 17.  Perfectly preserved set of planar cross beds.  Bedding 
waveforms are approximately 38 cm high by 55 cm long. 
St 
Sm 
St
Sh 
Figure 15.  Massive bedding overlain by 
trough cross beds in Echo Canyon channel 
1. 
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Figure 19.  Coarse grained lag deposits at the base of Fruita Paleo channel 6.  The clasts are 
largely mud chips and rounded gravel. 
Figure 18.  White caliche nodules embedded within floodplain 
mudstone beneath Fruita Paleo channel 3. 
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Figure 20.  Changes in sedimentary structures through Fruita Paleo channel 7 record unstable 
and variable fluvial conditions.  Orange field book (15cm x 10cm)  for scale. 
20 
 
3.2 Cathodoluminescence 
     Figures 21 through 24 display the cathodoluminescence imaging of 19 sandstones.  It 
becomes immediately apparent that nearly all samples show at least some calcite 
fluorescence with most fluorescing brightly.  The most notable exception to this is found 
among samples TT-BB-1-2A (Fig. 21A) and the stratigraphically equivalent TT-BB-1 
(Fig 21B) in which TT-BB-1-2A fluoresces brightly while TT-BB-1 shows no calcite 
fluorescence.  This discrepancy is interesting in light of the fact that the samples have 
approximately three feet of lateral distance between them.  No field observations 
indicated that there existed any major differences in lithology, diagenesis, or structural 
integrity.   
     There are no major zoning features within the cement, as exemplified in figure 11.  
This suggests calcite crystallization within stable and relatively constant pore water  
conditions (Marshall, 1988).  While no zonations are observed, there is a difference in 
overall luminescence brightness across the four sample locations.  Generally, Trail 
Through Time and Fruita Paleo samples fluoresce brighter than those from Echo Canyon 
and Uravan.  The Uravan sample suite contained only two out of a possible five samples 
that displayed any luminescence at all; those that did fluoresce did so weakly (Fig 24).  
CL imaging also validated petrography-based observations regarding sandstone porosity 
and feldspar percentages. 
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Trail Through Time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C
D
A B
Figure 21.  Cathodoluminescence 
images of TT samples.  A) Brushy Basin 
Member sample TT-BB-1-1, B) Brushy 
Basin Member sample TT-BB-1-1A, C) 
TT-2-1, D) TT-1-1.  All photos 4X.  Note 
the contrast in fluorescence between 
stratigraphically equivalent images A 
and B. 
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Fruita Paleo Area 
                                                     
 
                                                     
 
                                                          
 
 
 
                                                     
 
 
 
 
 
 
 
 
 
 
 
 
B C 
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F G 
H 
Figure 22.  Cathodoluminescence images 
of  FPA samples.  A) FPA-7-3 [4X], B) 
FPA-6-4 [10X], circle: cavernously 
weathered feldspar grain that has 
undergone near-total calcite replacement. 
C) FPA-6-4 [4X], D) FPA-4-1 [4X], E) 
FPA-4-1 [10X], circle: calcite cemented 
mudstone fragment.  F) FPA-3-4 [4X], G) 
FPA 2-2 [4X], H) FPA-1-1 [10X]. 
23 
 
Echo Canyon 
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C 
D 
E 
Figure 23.  Cathodoluminescence images of 
Echo Canyon samples. A) EC-6-1 [4X], B) EC-
5-3 [4X], C) EC-4-1 [4X], D) EC-2-1 [10X], E) 
EC-1-5A [4X]. 
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Uravan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
B 
Figure 24.  Cathodoluminescence 
images of Uravan samples. A) UR-
6-1B, B) UR-3-1.  All images 4X. 
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3.3 Sandstone Petrography  
 
    Point-counting analysis was conducted for 60 fine to medium-grained sandstone 
samples from throughout the Salt Wash Member channel sandstones at all four localities.  
Samples were analyzed at a density of 300 identifications per slide and grains were 
classified using the operational definitions shown in Figure 10.   Table 2 tabulates the 
average QFL percentages of each channel sandstone at the four locations.  Overall, the 
Salt Wash Member sandstones plot as subarkoses and lithic sub-arkoses within the 
McBride (1963) sandstone classification scheme (Fig. 25, Tables 2 and 3).     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25.  McBride (1963) sandstone classification.  A one-sigma polygon is shown in 
yellow and illustrates one standard deviation with respect to all three vertices. 
Q
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Table 2.  Average QFL 
percentages and grain 
size for all channels. 
Table 3.  Summary of petrography for the four localities. 
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Table 4.  Percentage of feldspar among framework 
grains at each locality.
      Figure 26 illustrates some of the lithological trends across the four sample localities.  
Less chert was seen in Trail Through Time and Uravan (~18%) as opposed to Echo 
Canyon and Fruita Paleo Area (~40%).  Similarly, there is more silt and sandstone in the 
Uravan and Trail Through Time samples than FPA and Echo Canyon.   Spicular chert 
was found only at FPA and Echo Canyon.  This lithology was easily identified due to the 
classic pinpoint style of extinction and the preservation of distinct monaxon and triaxon 
sponge spicules.   The overall percentage of volcanic rock fragments generally lessens 
from west to east.  Uravan is the most volcanic rich (18%) followed by Trail Through 
Time (15%), FPA (12%), and Echo Canyon (5%).  Volcanic rock fragment percentage 
increases upsection at Uravan (Fig 27) and Echo Canyon (Fig 28).  This trend is not seen 
at TT; however, due to exposure limitations, only the top two Salt Wash channels could 
be sampled.  The amount of volcanic rock fragments within the top two TT channels is 
consistent with the abundance in the top Echo Canyon channels.  Perhaps the upsection 
increase could also be identified at TT if the channels were exposed.   
     Metamorphic quartz (sutured quartz + quartzite grains) also increases upsection at 
Echo Canyon and comprises 100% of the lithic fragments within Uravan channel 1 (Figs. 
29, 27).  Percentage of lithic fragments increases upsection at FPA (Fig. 30), but this 
increase is due mostly to an increase in sedimentary and not volcanic rock fragments.  
Trail Through Time is the most feldspar-
rich site and contains the greatest 
percentages of both alkali and sodic 
feldspar (Table 4).   
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Figure 27.  Above: Line diagram showing upsection increase in volcanic rock fragments among total 
lithic fragments at Uravan.  Below: LvLsLm ternary diagram of the same data.  Arrow indicates the 
upsection trend.  High sample number equates to high stratigraphy. 
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Figure 28.  Above:  Line diagram showing an upsection increase in volcanic rock fragments 
among lithic fragments at Echo Canyon.  Below: Polycrystalline quartz (Qp), volcanic rock 
fragment (Lv), and sedimentary rock fragment (Ls) ternary diagram showing upsection 
increase in the percentage of volcanic rock fragments at Echo Canyon. 
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Figure 29.  Line diagram showing upsection increase in metamorphic quartz among total lithic 
fragments at Echo Canyon. 
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Figure 30.  Above: Line diagram showing upsection increase in lithic fragments among framework 
grains at FPA.  Below:  Ternary diagram of the same data showing the trend toward increased lithic 
fragments. 
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      Trail Through Time also contains an order of magnitude greater percentage of 
microcline, suggesting a discrete microcline-rich granitic source eroding into the Trail 
Through Time stream system.  Despite its paucity, there is an observable upsection 
increase in plagioclase at FPA (Fig. 31).  Figure 32 shows photomicrographs of the 
aforementioned grain types. 
     All of the Salt Wash Member samples have been extensively calcite cemented and 
often contain poikilitic and ferroan calcite cement.  Pressure solution and granular 
interpenetration were the most commonly observed features of diagenesis (Fig. 32).  
Authigenic quartz was abundant as syntaxial overgrowths along the perimeter of quartz 
grains.  Due to the syntaxis, the authigenic quartz could only be identified as such due to 
the presence of “dust rings”, or lines of particulate matter around the original grain 
perimeter (Fig. 33). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 31.  Upsection increase in average plagioclase composition per channel, Fruita Paleo Area. 
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Figure 32.  Left column, descending: sutured 
quartz at center, 4X.  Microcline at center, 10X.  
Volcanic rock fragment surrounded by salmon-
colored calcite, 10X.  Poikilitic calcite cement.  
The entire dark region at center is one calcite 
crystal at extinction.  Right column, descending: 
spicular chert grain at center, 4X.  Unweathered 
plagioclase grain at center, 4X.  Interpenetration 
pressure solution surface between two quartz 
grains, 10X. 
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Figure 33.  Authigenic quartz around a detrital quartz grain.  Dust rings are indicated by 
arrows, 10X. 
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4.   Discussion 
 
4.1 Stratigraphy and Sedimentary Structures 
     The collection of field observations supports a model of braided stream flow 
deposition of the Salt Wash Member sandstone.  Figures 15 through 20 display primary 
sedimentary structures within the channel sandstones.  These structures provide valuable 
information regarding flow conditions at the time of deposition.  Sh and St sets are 
deposited during periods of fast streamflow.  Contrary to this, structures such as Sr and 
Sp are deposited under slower flow conditions.  All Salt Wash Member channel 
sandstones contain a variety of these structures, thus recording variable or flashy flow 
conditions throughout their deposition.  For example, figure 20 illustrates seven changes 
in fluvial structure and correspondingly, seven distinct and drastic changes in streamflow 
conditions.  Figure 16 reveals an Sh set that was originally deposited under high flow 
regime and later, under lower flow intensity, cannibalized during the advancement of 
three-dimensional sand bars.  This sequence produced the observed trough cross bedding 
(St).  Structural evidence of flashy discharge, in combination with the low channel width-
to-depth ratio, low mudstone to sandstone ratio, and low sinuosity provide compelling 
evidence of a braided stream system. 
     Figure 34 tabulates the measured thicknesses of the channel sandstones at each 
location along with the mean channel grain size.  Uravan has both the greatest average 
channel thickness along with the largest average grain size, more than twice that of TT, 
FPA, and EC.  This channel thickness in along with the coarseness of the sandstone  
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Mogollon Rim to the southwest (Fig. 3).  Uravan is located approximately 70 mi. south of 
FPA, TT, and EC (Fig. 36) and while the latter three were receiving most of their 
sediment from a western magmatic arc and the associated highlands, the more southern 
location of Uravan may have dictated that the majority of its sediment was derived 
largely from the western portion of the Mogollon Highlands.  This implies that in the area 
of Uravan CO, drainage and sediment  
 
 
 
 
 
 
Figure 34.  Recast data from table 1 showing variable channel thickness and grain size across all four 
localities. 
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suggests that the Uravan channels were draining from a more proximal source region 
than the other three sites.  A likely source region for this sediment is the uplifted 
transport into the Morrison Basin was flowing south-to-north as opposed to west-to-east. 
     Of the three remaining sites, Trail Through Time has the thickest and coarsest 
channels.  This observation is agreeable with a west-to-east drainage pattern from the 
western highlands and magmatic arc to the inland Morrison Basin.   
 
4.2 Cathodoluminescence and Cement 
     As evidenced by figures 21-24, calcite zoning is not present within the sandstone 
cement.  This indicates that the ratio of activator ions (Mn) to quencher ions (Fe) 
remained constant throughout the time of cementation.  In order for this ratio to remain 
constant and prevent an enrichment of either Mn or Fe over time, there must have existed 
an open system of ion delivery.  If there were a finite amount of Mn and Fe ions within 
the formation water system, the cement should exhibit luminescence zoning as more 
activator ions were incorporated within the crystal structure.  The nature of the observed 
luminescence and its optical homogeneity suggests that the Salt Wash sandstones were 
well flushed with ion rich formation waters, thus providing a limitless supply of Mn and 
Fe.  If it were not for this continuous supply of Mn and Fe, one would expect to see much 
more zonation features throughout the cement (Marshall, 1988).   
     Michard (1968) found that shallow subsurface and meteoric waters are more favorable 
for precipitating Mn-rich (luminescent) calcite.  Therefore, qualitative conclusions may 
be drawn regarding luminescence intensity and depth of burial at the four field locations.  
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Trail Through Time and Fruita Paleo Area samples fluoresce brighter than those from 
Echo Canyon.  Based on Michard’s conclusions, it is then possible to assume that the Salt 
Wash Member sandstone at Echo Canyon and Uravan was cemented at greater depth than 
at Trail Through Time and FPA. 
     Two sandstone specimens that were in close lateral proximity in the field showed 
dramatically different CL characteristics.  Sample TT-BB-1-2A fluoresced brightly while 
the adjacent TT-BB-1 did not (Figs. 21A, 21B).  Upon petrographic inspection, sandstone 
TT-BB-1-2A was calcite cemented whereas TT-BB-1 had been cemented with 
amorphous silica (Fig 35).  These two samples likely bracket the boundary of a silica 
replacement front within the TT sandstone.  The precipitation of amorphous silica is also 
indicative of cementation at shallow depth and is congruent with depth of cementation 
conclusions drawn from CL brightness (Blatt, 1992). 
     Diagenetic processes such as compaction, pore occlusion by cementation, pressure 
solution, grain dissolution, and cement dissolution all affect the ultimate porosity of 
sandstone.  Houseknecht (1987) established a method for determining the relative 
importance of mechanical compaction and pressure solution versus cementation in the 
Figure 35.  Sample TT-BB-1 photomicrograph (10X) on left and CL image (4X) on right. 
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role of porosity reduction based on modal analysis.  Intergranular volume (cement + 
porosity) is plotted against percentage of cement for a collection of samples.  Where a 
sample plots with respect to these axes lends a significant amount of information  
regarding the importance of compaction/pressure solution and cementation in the 
diagenetic process.  Figure 36 presents a Houseknecht diagram for the Salt Wash 
Member samples of this study.  It was found that the majority of the Salt Wash Member 
porosity has been destroyed by compaction and pressure solution as opposed to cement 
crystallization.  Petrography supports this finding with abundant pressure solution grain 
boundaries and authigenic quartz overgrowths (Figs. 32, 33). 
 
 
 
 
 
 
 
 
 
 
 
 
60
Figure 36.  Houseknecht diagram of Salt Wash Member samples indicating that the 
majority of porosity reduction was due to compaction and pressure solution 
(Houseknecht, 1987). 
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4.3 Sandstone Petrography 
     Figure 37 simplifies the general 
upsection trends in composition across the 
four study areas.  A simple statistical 
analysis has been applied in order to 
quantify the validity of the trend plots 
previously introduced.  Regression lines have been fit to the trend data and the resultant 
fits are presented in figures 38-40.  Also displayed are the t statistic values that have been 
calculated from the coefficient of determination r2.  The null hypothesis in all four 
evaluations states that the observed upsection trends could be achieved through random 
sampling and normal compositional variability within the rock.  Regression lines for 
figures 38 (top) and 39 are found to be statistically significant at the 95% confidence 
level while the regression for figure 38 (bottom) is significant at the 90% level.  The 
regression line for figure 40 was found to not be significant, and therefore it is impossible 
to reject the null hypothesis.  While there appears to be an upsection increase in volcanic 
rock fragments at Uravan, the small sample size prevents any statistical affirmation of the 
observation. 
      
 
 
 
 
Figure 37.  Generalized lithologic and mineralogic 
trends at the four field areas. 
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Figure 38.  Above: Line diagram of upsection increase in lithic fragments at FPA with 
regression line.  Below: Upsection increase in percentage of plagioclase per channel at FPA 
with regression line. 
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Figure 39.  Above: Line diagram of increasing volcanic rock fragment percentage at EC with 
regression line.  Below: Line diagram of increasing percentage of metamorphic quartz at EC 
with regression line. 
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     After examining the trends and their significance, the following summary can be 
made: 
 Echo Canyon shows a statistically significant upsection increase in volcanic rock 
fragments and metamorphic quartz. 
 Fruita Paleo Area shows a statistically significant upsection increase in lithic 
fragments and plagioclase feldspar. 
 Uravan shows a statistically insignificant upsection increase in volcanic rock 
fragments 
 There are no observable upsection trends at Trail Through Time.  However, the 
abundance of volcanic rock fragments within the two TT channels is comparable 
Figure 40.  Line diagram of increasing volcanic rock fragment percentage at UR with 
regression line.  The increasing trend was found to be statistically insignificant. 
45 
 
to the abundance in the top two Echo Canyon channels.  Perhaps if more of the 
Salt Wash were exposed at TT then the same trend could be seen. 
     If there was a pulse in volcanism during Salt Wash Member time, then it should be 
evidenced by increasing percentage of plagioclase or volcanic rock fragments across all 
four sites.  This is especially true for the most source-area proximal locations of Trail 
Through Time and Uravan.  No such trends have been identified by this study.   
     If the upsection trends were not caused by increasing volcanism in the source area, it 
is necessary to consider other causes for their existence.  The Nevadan Orogeny of the 
Late Jurassic was caused by a terrane collision with the western Cordilleran margin.  This 
collision closed the preexisting subduction zone while uplifting the thrust-sheets of the 
Nevadan Highlands.  Subduction and volcanism was then re-established farther west with 
the creation of a new volcanic arc (Lawton, 1994).  Evidence of this magmatic reignition 
is found within the ash-rich sediments of the overlying Brushy Basin Member.  The Salt 
Wash Member, however, clearly reflects a recycled orogen provenance, deriving most of 
its sediment from the uplifted thrusts of the Nevadan Highlands and the associated older 
arc-derived volcanics  (Fig. 41) (Peterson, 1987).  The upsection trends in composition 
may then be explained by progressive unroofing and erosion of the highlands and 
surrounding areas.   
     Recycled orogen source rocks, by definition, shed sedimentary and metasedimentary 
material (Dickinson, 1985).  The upsection increase in lithic fragments at FPA is due 
largely to an increase in siltstone and non-spicular chert fragments, possibly due to 
continued erosion of the thrust sheet highlands.  The increases in plagioclase and volcanic 
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rock fragments at FPA and EC, respectively, are likely due to the erosion of pre-existing 
volcanic rocks associated with the extinct Middle Jurassic arc and not associated with 
active volcanism.  The upsection trend of metamorphic quartz at Echo Canyon suggests 
that part of the fluvial system was coursing through and eroding exposed Pre-Cambrian 
basement rock to the south (Fig. 42). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 41.  QFL diagram for all Salt Wash Member samples along with Dickinson tectonic regime 
fields.  After Dickinson, 1988. 
n = 60 
47 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
     The Late Jurassic increase in magmatism, as evidenced by work in the Brushy Basin 
Member by Galli (2003) and in the Sierra Nevadas by Kowallis (2001), could likely be 
explained by the reactivation of the volcanic arc system following the westward shift in 
subduction locus.  Perhaps the hiatus in arc plutonism from approximately 165 Ma to 150 
Ma (Fig. 4) reflects the time required for a new batch of magma generation, 
emplacement, and cooling.  It is during this time that the Salt Wash Member streams 
scavenged the Nevadan highlands and the relict mid-Jurassic arc while depositing a vast 
braided stream complex across the Colorado Plateau.  
Figure 42.  Morrison-aged outcrop exposure in Colorado and surrounding 
area.  Precambrian basement rock is shown in gray.  All other colors are 
sedimentary lithofacies.  Potential metamorphic quartz source is circled.  
Coutour lines show current depth of burial in feet.  After Peterson, 1972. 
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5.  Conclusions 
     Petrographic work in the Brushy Basin Member of the Morrison Formation by Galli 
(2003) documented an increase, or pulse, in volcanism at the base of the member based 
upon upsection increases in plagioclase feldspar and detrital volcanic rock fragments.  In 
addition to a petrographic signal, the increase in volcanism is also evidenced by 
numerous ash-rich mudstone beds.  This observation is congruent with those of other 
workers (Pitcher, 1993; Kowallis, 1998; Ducea, 2001) who have studied the episodic 
volcanism of the Mesozoic Cordillera and have identified a surge in arc plutonism in the 
Late Jurassic.  The goal of this study was to further examine and constrain the timing of 
the plutonic/volcanic pulse by conducting a similar petrographic analysis of the 
underlying Salt Wash Member.  In addition to petrography, several conclusions have 
been drawn regarding sandstone deposition and cementation. 
     Field observations have documented numerous indicators of variable channel flow 
regimes indicative of braided stream deposition.  These features include alternating sets 
of trough cross beds, planar cross beds, ripple marks, and horizontal laminations.  In 
addition to this evidence of flashy discharge, caliche features were abundant within the 
interspersed floodplain mudstones.  The presence of caliche hozizons further supports a 
model of semi-arid climatic conditions and flashy stream discharge.  Channel 
measurements identified Uravan as having the thickest and coarsest channels.  These 
observations suggest that Uravan, the most southern location, was the most proximal 
location to its respective source area and that sediment was being transported south-north 
from the Mogollon Highlands.  Trail Through Time ranks second in channel thickness 
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and grain size fines eastward, implying a west-to-east sediment transport direction for the 
three northern locations. 
     Cathodoluminescence of the Salt Wash sandstone cement shows no evidence of 
zoning and indicates that the sediment was well-flushed with ion rich, shallow meteoric 
waters.  Based on its low intensity of fluorescence, the sandstone at Echo Canyon and 
Uravan was cemented at a greater depth that its equivalent at Trail Through Time and 
Fruita Paleo.   Overall, the majority of Salt Wash Member porosity was destroyed via 
compaction and pressure solution processes as opposed to cementation. 
     Petrographic analysis of 64 sandstones at 300 identifications per sample failed to 
identify any trends that are clearly reflective of a volcanic pulse during Salt Wash 
Member deposition.  The Salt Wash was most likely deposited during a period of relative 
volcanic quiescence prior to the reestablishment of the marginal volcanic arc system.  
Overall, the subarkosic to lithic subarkosic composition of the Salt Wash sandstone 
indicates a recycled orogen provenance.  Statistical analyses of the petrographic results 
found that there are statistically significant upsection trends for volcanic tock fragments 
and metamorphic quartz at EC and for lithic fragments at FPA.  These trends can likely 
be explained by the continuous unroofing and erosion of the Nevadan highlands and the 
extinct mid Jurassic volcanic arc. 
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Appendix A 
Sandstone Modal Analyses 
 
 
 
 
 
 
51 
 
Sample  GrnSze  Q  F  L  %Qm  %QpAmg  %LsAmg 
TT‐BB‐3‐2  0.09  66.3  4.5  30.5  65.1  1.2  34.2 
TT‐BB‐2‐1  0.21  74.2  8.9  19.5  72.1  2.1  58.8 
TT‐BB‐1‐2A  0.22  70.9  12.7  17.7  66.2  4.7  57.2 
TT‐BB‐1‐1  0.18  77.0  10.3  14.0  73.9  3.1  51.6 
TT‐2‐5  0.11  79.7  11.6  8.6  75.6  4.1  44.4 
TT‐2‐4  0.23  74.2  8.9  21.7  73.6  0.6  54.5 
TT‐2‐3  0.23  69.3  8.6  25.7  68.9  0.5  52.6 
TT‐2‐2  0.2  64.4  8.3  29.6  64.1  0.3  50.8 
TT‐2‐1  0.09  54.7  7.7  37.6  54.7  0.0  47.1 
TT‐1‐4  0.15  67.6  16.4  16.0  60.3  7.3  55.6 
TT‐1‐3  0.11  67.6  16.4  16.0  60.3  7.3  55.6 
TT‐1‐2  0.18  77.3  23.7  11.6  76.6  0.7  43.5 
  
FPA‐7‐3  0.15  84.3  5.8  15.3  77.5  1.5  38.0 
FPA‐7‐2  0.18  78.9  7.2  13.9  77.7  1.2  41.7 
FPA‐7‐1  0.23  79.0  4.3  16.7  77.2  1.8  34.3 
FPA‐6‐4  0.22  81.1  4.4  14.5  79.9  1.2  31.1 
FPA‐6‐3  0.2  83.2  4.5  12.4  82.6  0.6  28.0 
FPA‐6‐2  0.09  78.7  13.8  7.6  78.2  0.5  31.3 
FPA‐6‐1  0.07  77.9  16.6  5.5  77.9  0.0  50.0 
FPA‐4‐3  0.1  87.6  5.6  6.0  87.6  0.0  26.7 
FPA‐4‐2  0.09  86.4  8.5  5.2  85.9  0.5  22.2 
FPA‐4‐1  0.09  85.9  11.1  6.4  82.7  0.5  26.7 
FPA‐3‐5  0.11  88.0  7.4  5.3  86.7  0.6  20.2 
FPA‐3‐4  0.09  88.7  6.4  5.4  87.5  0.7  18.3 
FPA‐3‐3  0.1  90.0  4.4  5.6  89.1  0.9  14.3 
FPA‐3‐2  0.08  91.7  3.7  4.5  91.7  0.0  45.5 
FPA‐3‐1  0.13  89.4  7.6  3.0  89.4  0.0  28.6 
FPA‐2‐3  0.12  83.5  10.4  6.1  83.0  0.5  58.3 
FPA‐2‐2  0.07  85.4  9.4  5.3  84.8  0.6  60.4 
FPA‐2‐1  0.09  87.2  8.3  4.4  86.6  0.6  62.5 
FPA‐1‐3  0.1  82.7  12.7  4.5  81.6  1.1  20.0 
FPA‐1‐2  0.9  82.6  11.7  5.6  82.6  0.0  18.2 
FPA‐1‐1  0.08  84.3  12.2  5.1  83.8  0.6  19.1 
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Sample  %Qz+SQAmg  %LvAmg  %CaAmg  %PkCaAmg  %FeCaAmg  %PkFeCaAmg 
TT‐BB‐3‐2  8.5  4.2  50.0  0.0  50.0  0.0 
TT‐BB‐2‐1  5.9  11.7  42.5  19.5  26.4  11.4 
TT‐BB‐1‐2A  5.7  8.6  0.0  0.0  98.7  1.2 
TT‐BB‐1‐1  19.6  5.9  silica       
TT‐2‐5  33.3  0.0  100.0  0.0  0.0  0.0 
TT‐2‐4  13.6  11.3  100.0  0.0  0.0  0.0 
TT‐2‐3  12.4  14.4  76.4  2.6  15.1  6.0 
TT‐2‐2  11.2  17.4  52.8  5.1  30.1  11.9 
TT‐2‐1  8.8  23.5  5.6  10.2  60.2  23.8 
TT‐1‐4  5.6  5.5  0.0  0.0  86.6  14.2 
TT‐1‐3  5.6  5.5  0.0  0.0  86.6  14.2 
TT‐1‐2  30.4  13.0  86.8  6.0  10.1  0.0 
                    
FPA‐7‐3  16.3  11.2  29.3  8.0  60.4  1.1 
FPA‐7‐2  12.5  16.6  33.0  3.8  63.1  0.0 
FPA‐7‐1  20.0  5.7  25.5  12.2  57.7  2.2 
FPA‐6‐4  16.0  4.9  33.7  10.2  49.3  5.2 
FPA‐6‐3  12.0  4.1  41.8  8.1  40.8  8.1 
FPA‐6‐2  6.3  31.2  4.2  0.0  95.7  0.0 
FPA‐6‐1  40.0  0.0  48.6  0.0  51.3  0.0 
FPA‐4‐3  13.3  40.0  20.0  0.0  76.0  0.0 
FPA‐4‐2  22.2  11.1  5.1  94.8  0.0  0.0 
FPA‐4‐1  14.2  21.2  4.7  47.4  47.9  0.0 
FPA‐3‐5  23.8  13.7  6.5  71.1  22.3  0.0 
FPA‐3‐4  25.4  16.3  8.0  47.4  44.6  0.0 
FPA‐3‐3  28.6  21.4  10.8  0.0  89.1  0.0 
FPA‐3‐2  27.3  0.0  9.6  0.0  76.9  13.4 
FPA‐3‐1  0.0  0.0  20.3  0.0  76.2  3.3 
FPA‐2‐3  8.3  0.0  16.6  2.3  80.9  0.0 
FPA‐2‐2  4.2  0.0  27.2  1.2  71.6  0.0 
FPA‐2‐1  0.0  0.0  37.7  0.0  62.2  0.0 
FPA‐1‐3  10.0  20.0  0.0  0.0  98.7  1.2 
FPA‐1‐2  54.5  0.0  10.3  0.0  88.5  1.1 
FPA‐1‐1  32.3  10.0  5.2  0.0  93.6  1.2 
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Sample  %Ca  %PkCa  %FeCa  %PkFeCa %Cemt.  %LcAmg 
TT‐BB‐3‐2  1.3  0.0  1.3  0.0  2.6  50.7 
TT‐BB‐2‐1  12.3  5.6  7.6  3.3  28.8  23.5 
TT‐BB‐1‐2A  0.0  0.0  25.5  0.3  19.4  22.9 
TT‐BB‐1‐1          14.55  11.75 
TT‐2‐5  0.3  0.0  0.0  0.0  0.3  0.0 
TT‐2‐4  0.6  0.0  0.0  0.0  0.6  13.6 
TT‐2‐3  4.6  0.8  4.4  1.8  11.5  15.3 
TT‐2‐2  8.6  1.5  8.8  3.5  22.4  17.1 
TT‐2‐1  16.6  3.0  17.6  7.0  44.2  20.5 
TT‐1‐4  0.0  0.0  8.6  1.3  9.9  22.2 
TT‐1‐3  0.0  0.0  8.6  1.3  9.9  22.2 
TT‐1‐2  26.2  1.8  3.0  0.0  31.0  13.0 
                    
FPA‐7‐3  9.5  2.5  19.5  0.3  31.7  32.5 
FPA‐7‐2  11.3  1.3  21.6  0.0  34.2  25.0 
FPA‐7‐1  7.6  3.6  17.3  0.6  29.1  40.0 
FPA‐6‐4  10.6  3.1  15.3  1.6  30.6  49.2 
FPA‐6‐3  13.6  2.6  13.3  2.6  32.1  58.3 
FPA‐6‐2  1.0  0.0  22.3  0.3  23.6  31.2 
FPA‐6‐1  18.6  0.0  19.6  0.0  38.2  10.0 
FPA‐4‐3  3.3  0.0  12.6  0.0  15.9  20.0 
FPA‐4‐2  1.3  24.6  0.0  0.0  25.9  44.4 
FPA‐4‐1  1.2  12.3  11.2  0.2  24.8  37.8 
FPA‐3‐5  1.3  18.5  2.7  0.0  22.5  42.2 
FPA‐3‐4  1.3  12.3  5.5  0.0  19.1  40.1 
FPA‐3‐3  1.3  0.0  10.9  0.0  12.2  35.7 
FPA‐3‐2  1.6  0.0  13.2  2.3  17.1  27.2 
FPA‐3‐1  3.9  0.0  14.9  0.6  19.4  71.4 
FPA‐2‐3  2.3  0.3  11.2  0.0  13.8  33.3 
FPA‐2‐2  8.3  0.2  17.4  0.0  25.8  35.4 
FPA‐2‐1  14.2  0.0  23.5  0.0  37.7  37.5 
FPA‐1‐3  0.0  0.0  25.5  0.3  25.8  50.0 
FPA‐1‐2  3.0  0.0  25.6  0.3  28.9  27.2 
FPA‐1‐1  1.5  0.0  25.6  0.3  27.4  38.6 
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Sample  %SpLcAmg  %Pore Cem+Por 
TT‐BB‐3‐2  0.0  4.0  6.6 
TT‐BB‐2‐1  0.0  2.0  30.8 
TT‐BB‐1‐2A  0.0  3.3  22.7 
TT‐BB‐1‐1  0  1.3  15.85 
TT‐2‐5  0.0  0.6  0.9 
TT‐2‐4  0.0  3.7  4.3 
TT‐2‐3  0.0  5.2  16.7 
TT‐2‐2  0.0  6.7  29.1 
TT‐2‐1  0.0  9.6  53.8 
TT‐1‐4  0.0  4.6  14.5 
TT‐1‐3  0.0  4.6  14.5 
TT‐1‐2  0.0  0.9  31.9 
           
FPA‐7‐3  0.0  1.1  32.8 
FPA‐7‐2  0.0  1.3  35.5 
FPA‐7‐1  0.0  0.9  30.0 
FPA‐6‐4  8.3  1.5  32.1 
FPA‐6‐3  16.6  2.1  34.2 
FPA‐6‐2  0.0  1.5  25.1 
FPA‐6‐1  0.0  0.7  38.9 
FPA‐4‐3  0.0  2.6  18.5 
FPA‐4‐2  0.0  3.1  29.0 
FPA‐4‐1  0.0  2.3  27.1 
FPA‐3‐5  1.8  2.9  25.4 
FPA‐3‐4  3.6  2.7  21.8 
FPA‐3‐3  7.1  2.3  14.5 
FPA‐3‐2  0.0  0.3  17.4 
FPA‐3‐1  0.0  1.3  20.7 
FPA‐2‐3  0.0  1.6  15.4 
FPA‐2‐2  6.3  1.5  27.2 
FPA‐2‐1  12.5  1.3  39.0 
FPA‐1‐3  0.0  1.0  26.8 
FPA‐1‐2  0.0  1.6  30.5 
FPA‐1‐1  0.0  1.3  28.7 
 
 
 
55 
 
Sample  GrnSze  Q  F  L  %Qm  %QpAmg  %LsAmg 
EC‐6‐3  0.12  90.5  11.1  4.2  89.9  0.6  0.0 
EC‐6‐2  0.13  77.6  17.7  4.7  76.0  1.6  18.2 
EC‐6‐1  0.22  77.4  17.2  5.4  76.0  1.4  19.8 
EC‐5‐4  0.1  77.2  16.7  6.1  76.0  1.2  21.4 
EC‐5‐3  0.11  76.8  15.8  7.4  76.0  0.8  24.7 
EC‐5‐2  0.08  75.9  13.9  10.1  75.9  0.0  31.3 
EC‐5‐1  0.11  76.2  19.5  4.3  76.2  0.0  0.0 
EC‐4‐3  0.09  79.6  18.1  9.5  77.2  2.4  33.3 
EC‐4‐2  0.18  82.3  9.1  8.6  81.1  1.2  35.3 
EC‐4‐1  0.17  82.8  11.3  5.9  82.0  0.9  31.9 
EC‐3‐3  0.16  83.3  13.5  3.2  82.8  0.5  28.6 
EC‐3‐2  0.09  83.4  15.7  6.3  82.3  1.1  27.3 
EC‐3‐1  0.11  88.1  9.5  2.5  87.5  0.6  0.0 
EC‐2‐3  0.17  81.4  12.6  7.4  79.1  2.3  25.0 
EC‐2‐2  0.16  75.6  11.0  13.4  74.1  1.5  35.3 
EC‐2‐1  0.17  72.1  10.6  17.3  71.4  0.8  29.6 
EC‐1‐6  0.12  68.7  10.1  21.2  68.7  0.0  23.9 
EC‐1‐5B  0.18  67.6  11.2  21.2  67.6  0.0  18.9 
EC‐1‐5A  0.31  69.9  12.0  18.1  69.3  0.6  21.6 
EC‐1‐4  0.15  72.3  12.7  15.0  71.1  1.2  24.2 
EC‐1‐3  0.2  76.4  11.8  11.8  74.7  1.7  11.1 
EC‐1‐2  0.18  82.4  9.8  7.8  81.8  0.6  6.7 
EC‐1‐1  0.08  84.0  11.4  4.0  83.2  0.8  20.0 
                       
UR‐6‐1B  0.08  81.3  11.3  5.1  79.4  1.9  10.5 
UR‐6‐1A  0.13  82.1  13.3  4.6  80.7  1.4  11.1 
UR‐5‐1  0.17  78.8  8.0  14.0  76.8  2.0  71.0 
UR‐4‐1  0.15  82.4  7.3  10.7  81.1  1.3  54.2 
UR‐3‐1  0.18  85.9  6.5  7.4  85.4  0.5  37.5 
UR‐2‐2  0.11  80.2  13.7  7.0  79.6  0.6  35.4 
UR‐2‐1  0.09  74.4  20.9  6.5  73.8  0.6  33.3 
UR‐1‐1  0.13  92.5  6.9  4.6  92.0  0.5  0.0 
 
 
 
 
56 
 
Sample  %Qz+SQAmg  %LvAmg  %CaAmg  %PkCaAmg  %FeCaAmg  %PkFeCaAmg  
EC‐6‐3  42.9  0.0  5.1  0.0  91.8  3.0   
EC‐6‐2  27.3  18.1  11.4  34.4  32.7  21.3   
EC‐6‐1  27.8  17.4  15.5  30.1  35.6  18.6   
EC‐5‐4  28.3  16.7  19.5  25.8  38.6  16.0   
EC‐5‐3  29.3  15.3  27.6  17.2  44.4  10.7   
EC‐5‐2  31.3  12.5  43.8  0.0  56.1  0.0   
EC‐5‐1  33.3  11.1  10.0  1.4  81.4  7.1   
EC‐4‐3  33.3  6.6  2.0  0.0  98.0  0.0   
EC‐4‐2  41.2  5.8  22.9  3.4  60.9  12.6   
EC‐4‐1  34.9  10.0  33.7  1.7  55.1  6.3   
EC‐3‐3  28.6  14.2  44.4  0.0  49.2  0.0   
EC‐3‐2  9.1  0.0  2.0  0.0  98.0  0.0   
EC‐3‐1  20.0  0.0  40.0  3.0  54.0  3.0   
EC‐2‐3  0.0  8.3  22.9  0.0  77.0  0.0   
EC‐2‐2  0.0  2.9  33.3  0.0  61.4  0.0   
EC‐2‐1  3.3  2.5  32.9  1.3  59.3  3.9   
EC‐1‐6  6.5  2.1  32.4  2.6  57.1  7.7   
EC‐1‐5B  9.4  1.8  53.1  0.0  46.8  0.0   
EC‐1‐5A  10.8  0.9  48.5  0.0  50.6  0.0   
EC‐1‐4  12.1  0.0  43.8  0.0  54.3  0.0   
EC‐1‐3  18.5  3.7  24.4  0.0  75.5  0.0   
EC‐1‐2  20.0  0.0  45.8  1.0  50.0  1.3   
EC‐1‐1  0.0  0.0  24.8  0.0  75.1  0.0   
                      
UR‐6‐1B  13.0  57.1  9.2  91.8  0.0  0.0   
UR‐6‐1A  11.1  66.6  7.4  92.5  0.0  0.0   
UR‐5‐1  9.7  6.4  51.5  21.2  27.2  0.0   
UR‐4‐1  23.6  3.2  74.4  10.6  15.0  0.0   
UR‐3‐1  37.5  0.0  97.2  0.0  2.7  0.0   
UR‐2‐2  22.9  16.7  48.6  0.0  50.1  1.3   
UR‐2‐1  8.3  33.3  0.0  0.0  97.5  2.5   
UR‐1‐1  100.0  0.0  96.7  0.0  3.2  0.0   
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Sample  %Ca  %PkCa  %FeCa  %PkFeCa %Cemt.  %LcAmg 
EC‐6‐3  16.3  0.0  29.5  0.9  46.7  57.1 
EC‐6‐2  2.3  6.9  6.6  4.3  20.1  36.4 
EC‐6‐1  4.5  6.0  9.0  3.8  23.4  35.0 
EC‐5‐4  6.8  5.2  11.4  3.2  26.6  33.6 
EC‐5‐3  11.3  3.5  16.3  2.2  33.1  30.7 
EC‐5‐2  20.2  0.0  25.9  0.0  46.1  25.0 
EC‐5‐1  2.3  0.3  18.9  1.6  23.1  55.5 
EC‐4‐3  0.3  0.0  16.2  0.0  16.5  26.6 
EC‐4‐2  6.6  0.9  17.6  3.6  28.7  17.6 
EC‐4‐1  8.0  0.5  13.9  1.8  24.1  16.0 
EC‐3‐3  9.3  0.0  10.2  0.0  19.5  14.3 
EC‐3‐2  0.3  0.0  16.3  0.0  16.6  63.6 
EC‐3‐1  13.0  0.9  17.6  0.9  32.4  60.0 
EC‐2‐3  5.6  0.0  18.9  0.0  24.5  66.6 
EC‐2‐2  5.7  0.0  10.6  0.0  16.3  52.9 
EC‐2‐1  7.0  0.3  12.6  1.0  20.9  53.6 
EC‐1‐6  8.3  0.6  14.6  1.9  25.4  54.3 
EC‐1‐5B  10.1  0.0  8.9  0.0  19.0  54.7 
EC‐1‐5A  9.2  0.0  9.6  0.0  18.8  53.1 
EC‐1‐4  8.3  0.0  10.2  0.0  18.5  51.5 
EC‐1‐3  3.6  0.0  11.2  0.0  14.8  55.5 
EC‐1‐2  14.6  0.3  15.9  0.9  31.7  73.3 
EC‐1‐1  12.3  0.0  37.3  0.0  49.6  80.0 
                    
UR‐6‐1B  0.9  7.3  0.0  0.0  8.2  13.1 
UR‐6‐1A  0.6  8.3  0.0  0.0  8.9  11.1 
UR‐5‐1  5.6  2.3  3.0  0.0  10.9  12.9 
UR‐4‐1  15.2  1.2  1.8  0.0  18.2  19.0 
UR‐3‐1  24.7  0.0  0.6  0.0  25.4  25.0 
UR‐2‐2  12.4  0.0  13.3  0.3  26.0  25.0 
UR‐2‐1  0.0  0.0  26.0  0.6  26.6  25.0 
UR‐1‐1  20.0  0.0  0.6  0.0  20.6  0.0 
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Sample  %SpLcAmg  %Pore Cem+Por 
EC‐6‐3  14.3  3.0  49.7 
EC‐6‐2  9.0  0.6  20.7 
EC‐6‐1  8.7  0.7  24.0 
EC‐5‐4  8.3  0.7  27.3 
EC‐5‐3  7.7  0.8  33.9 
EC‐5‐2  6.3  1.0  47.1 
EC‐5‐1  0.0  1.0  24.1 
EC‐4‐3  0.0  10.0  26.5 
EC‐4‐2  0.0  4.3  33.0 
EC‐4‐1  0.0  3.3  27.4 
EC‐3‐3  0.0  2.3  21.8 
EC‐3‐2  0.0  7.0  23.6 
EC‐3‐1  0.0  1.3  33.7 
EC‐2‐3  8.3  3.0  27.5 
EC‐2‐2  0.0  1.0  17.3 
EC‐2‐1  0.0  1.0  21.9 
EC‐1‐6  0.0  1.0  26.4 
EC‐1‐5B  11.3  3.8  22.8 
EC‐1‐5A  5.7  3.2  22.0 
EC‐1‐4  0.0  2.6  21.1 
EC‐1‐3  0.0  1.6  16.4 
EC‐1‐2  0.0  1.0  32.7 
EC‐1‐1  0.0  0.6  50.2 
           
UR‐6‐1B  0.0  0.7  8.9 
UR‐6‐1A  0.0  0.3  9.2 
UR‐5‐1  0.0  0.6  14.1 
UR‐4‐1  12.5  0.8  19.0 
UR‐3‐1  25.0  1.0  23.1 
UR‐2‐2  12.5  1.2  27.2 
UR‐2‐1  0.0  1.3  27.9 
UR‐1‐1  0.0  4.3  24.9 
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